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a b s t r a c t

Introduction: Currently, embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) can be
induced to differentiate at the cellular level but not to form mature tissues or organs suitable for
transplantation. ESCs/iPSCs form immature teratomas after injection into immunodeficient mice. In
humans, immature teratomas often transform into fully differentiated mature teratomas after admin-
istration of anticancer agents.
Methods: We first investigated the ability of cisplatin to induce changes in mouse ESCs/iPSCs in vitro.
Next, we designed experiments to analyze ESC/iPSC-derived immature teratoma tissue in vivo after
treatment of cisplatin. Groups of six mice carrying ESC- or iPSC-derived teratomas were given either low
or high dose intraperitoneal injection of cisplatin, while the control group received saline for 4 weeks.
Results: Treatment of ESC/iPSC cultures with cisplatin for 3 days caused a dose-related decrease in cell
numbers without inducing any morphological changes to the cells. ESC/iPSC-derived teratomas showed
lower growth rates with a significantly higher mature components ratio in a concentration dependent
manner after cisplatin treatment (P < 0.05); however, immunohistochemical analyses demonstrated a
significantly reduced PCNA labelling index and an increase in an apoptosis marker on immature neural
components (P < 0.05) along with emergence of h-Caldesmonþ mature smooth muscle cells in treated
mice. Moreover, newly differentiated components not found in the control group, such as mature adipose
tissue, cartilage, and pancreas, as well as striated muscle, salivary glands, gastric mucosa with fundic
glands, and hair follicles emerged. The identities of these components were confirmed by immuno-
staining for specific markers.
Conclusions: Cisplatin has the ability to reduce immature components in ESC/iPSC-derived teratomas,
presumably through apoptosis, and also to induce them to differentiate.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Tissue regeneration requires the delivery of specific cell types or
cell products to support or replace degenerated or damaged organs.
Pluripotent stem cells, such as embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs), have the potential to be used
as the source of such cells and cell products [1]. However, at pre-
sent, pluripotent stem cells can only be induced to differentiate at
the cellular level and differentiation into tissues or organs has yet to
be achieved [2].

When injected into immunodeficient mice, pluripotent stem
cells form teratomas with differentiation of three germ cell layers;
as these teratomas are immature and potentially malignant, they
are inappropriate for use in therapeutic transplantation [3]. In
recent years, there have been attempts to differentiate engraftable
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blood stem cells and muscle primordia from pluripotent stem
cell-derived teratomas [4,5]; to date, no clearly differentiated tis-
sues have been produced.

In humans, spontaneous teratomas arise predominantly in
ovaries: 99% are benign mature teratomas, and the remaining 1%
are malignant immature teratomas similar to those derived from
pluripotent stem cells [6]. Histological analyses of immature tera-
tomas show that they consist of not only mature but also immature
components, the latter containing most commonly immature
neural tissues. Immature teratomas are classified into grades 1 to 3
based on the relative amounts of immature neural tissue. In human
patients, anticancer drugs are generally administered after surgery
except for grade 1 teratomas limited to ovaries [7].

Human ovarian immature teratomas often transform into fully
differentiated mature teratomas when disseminated or metastatic
foci are resected after administration of an anticancer therapy
(typically containing cisplatin); this phenomenon is called
chemotherapeutic retroconversion (CR) [8]. Although the fre-
quency of CR is uncertain, a literature review found that mature
teratomas or mature glial implants were present in 20 of 48 (42%)
second-look laparotomies after chemotherapy for malignant
ovarian germ cell tumors [9]. With regard to the etiology of CR, at
least 2 mechanisms have been proposed: (1) chemotherapy pro-
motes the conversion of immature tissues into mature tissues; (2)
chemotherapy selectively destroys immature components allowing
mature tissue to flourish. Currently, most of the available evidence
favors the second possibility [10,11]; however, we previously
pointed out that the first mechanism could be used to explain
consecutively resected metastatic foci during chemotherapy in a
patient with an ovarian immature teratoma [12].

The present study was designed to assess changes in ESCs and
iPSCs in vitro after treatment with cisplatin, and to analyze imma-
ture teratoma tissues derived from ESCs and iPSCs in vivo after
treating tumor-bearing immunodeficient mice with intraperitoneal
injection of cisplatin. The aim of the study was to elucidate the
etiology of CR with a view to the long-term goal of applying it to
regenerative medicine.
2. Materials and methods

2.1. Derivation and culture of mouse ESCs

The EGR-G101 ES cell line was previously established from
C57BL/6-Tg (CAG/Acr-EGFP) C3eN01-FJ002Osb [13]. The cells were
cultured in knockout serum replacement (KSR) medium, which
consisted of high-glucose Dulbecco's modified Eagle's medium
(DMEM; Gibco, Frederick, MD, USA) supplemented with 15%
KSR (Gibco), 2 mM glutamine (Gibco), 1 mM sodium pyruvate
(Gibco), 0.1 mM non-essential amino acids (Gibco), 0.1 mM 2-
mercaptoethanol (Gibco), and 1000 U/ml leukemia inhibitory fac-
tor (LIF; Merck Millipore, Darmstadt, Germany), on a mitomycin-
inactivated mouse embryonic fibroblast (MEF) feeder layer in 0.1%
gelatin-coated 10 cm culture plates. ESC colonies were mechani-
cally passaged every 3 days into clumps, with a split ratio of 1:3, on
MEF feeder cells.
2.2. Culture of mouse iPSCs

iPSCs (iPS-MEF-Ng-440A3) were purchased from RIKEN Cell
Bank (Ibaraki, Japan). The cells were cultured in DMEM containing
15% fetal calf serum (FCS; Gibco), 2 mM glutamine, 1 mM sodium
pyruvate, 0.1 mM non-essential amino acids, 0.1 mM 2-
mercaptoethanol, and 1000 U/ml LIF on a mitomycin-inactivated
MEF feeder layer in 0.1% gelatin-coated 10 cm dishes. iPSC
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colonies were mechanically passaged every 3 days into clumps,
with a split ratio of 1:3, on MEF feeder cells.

2.3. Cisplatin treatment of mouse ESCs and iPSCs

ESCs and iPSCs were seeded onto 12 well plates with 0.1%
gelatin-coated mitomycin-inactivated MEF at 1 � 105 cells/1 ml/
well. Cisplatin (0.5 mg/ml) (Maruko: Yakult, Tokyo, Japan) was
serially diluted twofold from 20- to 20,480-fold (cisplatin concen-
trations from 25 to 0.0244 mg/ml) with phosphate buffered saline
(PBS, pH 7.4) and 20 ml were added daily for 3 days starting on the
next day after seeding. Negative controls received PBS. On the day
following the third addition, the cells were imaged and alkaline
phosphatase (ALP) activity was detected by a cytochemical assay
using a Leukocyte ALP Kit (#ALP-TK1; SigmaeAldrich Japan, Tokyo,
Japan) according to the manufacturer's protocol. A cell proliferation
assay was also performed.

2.4. Cell proliferation assay

The effect of cisplatin on the numbers of ESCs and iPSCs was
evaluated using a CellTiter-Glo 2.0 Assay (Promega, Madison, WI,
USA) according to themanufacturer's instructions. The luminescent
signal was measured using Infinite F200 Pro (TECAN, Kanagawa,
Japan). Luminescence was measured as relative light units (RLU)
and the mean ± SD of triplicate wells was obtained.

2.5. Transplantation of ESCs and iPSCs into immunodeficient mice

When ESCs/iPSCs reached 70e80% confluence (cultured as
described above), they were trypsinized, washed with PBS, resus-
pended in 1 ml PBS, and injected subcutaneously (6 � 106 ESCs/
iPSCs in a total volume of 100 ml) into the back and left femur of
three 10-week-old recombination activating gene 2 (RAG2) �/�
mice (Sankyo Labo Service, Tokyo, Japan) in each experiment. The
mice were housed in cages (up to 5 animals per cage) and provided
ad libitum access to water and food (FR-1; Funabashi Farm, Chiba,
Japan). The animal rooms were maintained as a temperature-
controlled (21e25 �C) and light-controlled (12L:12D cycle, lights
on at 0800 h) environment. The mice were bred and maintained
under specific pathogen-free conditions. All animal care and pro-
cedures performed in this study were approved by the Animal
Research Committee of Tokyo Medical University, and conformed
to its guidelines for animal experiments. Five weeks after the in-
jection, subcutaneous tumors up to 20 mm in the longest diameter
were detected. The mice were then sacrificed; the tumors were
dissected and 3 � 3 � 3 mm pieces of the tumors were passaged
subcutaneously into six other mice. Six weeks later, subcutaneous
tumors were again recovered and 3 � 3 � 3 mm pieces were
transplanted subcutaneously into fresh mice; in total, 10 mice in 3
groups for both ESC-derived and iPSC-derived tumor experiments
were obtained. In order to unify gender for each experiment, we
used female mice for the ESC transplantations and male mice for
the iPSC transplantations.

2.6. Cisplatin injections into mice bearing tumors derived from ESCs
and iPSCs

When all the inoculated subcutaneous tumors became palpable
10 days after successive subcutaneous transplantation of tumors,
tumor-bearing mice were given weekly intraperitoneal injections
of cisplatin (Maruko) at either a low or high dose (2.5 or 5 mg/kg/
week, respectively). Mice in the control group received saline.
Because two tumors in control group reached 20 mm in the longest
diameter after 3 weeks, two mice with the biggest tumors in each



A. Kurata, M. Takanashi, S.-i. Ohno et al. Regenerative Therapy 18 (2021) 117e126
group were sacrificed and exclude from the experiments. After 4
weeks, tumor-bearing mice were sacrificed except for two mice
with the smallest tumors in each group; these twomice were given
weekly intraperitoneal injections of cisplatin and sacrificed after a
further 4 weeks. The tumors were removed and then fixed in 10%
formalin overnight at room temperature (RT), and then embedded
in paraffin. Staining of histological sections was performed with
hematoxylin and eosin (HE).

2.7. Histological evaluation and statistical analyses

Light microscopical analyses were performed using a Carl Zeiss
HAL 100 microscope with aW-PI 10� /23 ocular lens. The extent of
necrosis in each tumor was first evaluated. With the exception of
the center of large tumors where massive necrosis was present, ten
randomly chosen fields of view (100 � magnification) were eval-
uated for the presence of a necrotic area; absence of necrosis was
graded as 0, presence of necrosis as 1. A “necrosis score” of 0e10
(11-tier scoring) was then established based on the sum of the
evaluations in the 10 fields of view. Subsequently, another ten fields
of view (100 � magnification) without necrosis were selected in
each tumor, and analyzed to determine whether immature or
mature components were dominant for each field of view; domi-
nance of immature components was graded as 0, dominance of
mature components as 1. A “maturation score” from 0 to 10 was
likewise established. TukeyeKramer tests were used to identify
significant differences in the necrosis score and maturation score
between the three groups. These scores were also subjected to a
Spearman's rank correlation analysis. These statistical analyses
were performed using excel statistics for Macintosh ver3.0 (Esumi,
Tokyo, Japan), and the level of significance was set at P < 0.05.
Detailed histological evaluations were also carried out to determine
the types of tissue that differentiated in each tumor. With regard to
assessment of mature tissue, care was taken to exclude the possi-
bility of host derivation such as mature adipose tissue intruding
from the tumor margin.

2.8. Immunohistochemistry of selected tissues

For both ESC-derived and iPSC-derived teratomas, six samples
from the 4-week high dose cisplatin group and 6 samples from
the 4-week controls were selected for immunostaining, i.e., a
total of 24 samples were selected. In addition, eight samples from
the 8-week high dose cisplatin group and a control were selected
and used for immunostaining of a-smooth muscle actin (a-SMA)
and h-Caldesmon.

From paraffin embedded selected samples, 4 mm-thick sections
were cut, and immunostaining was then performed. The standard
polymermethodwas used for immunohistochemical staining using
antibodies to proliferating cell nuclear antigen (PCNA, mouse, clone
PC10, 1:2000 dilution, Dako), single stranded DNA (ssDNA, rabbit,
polyclonal, 1:1000 dilution, Dako), a-SMA (mouse, clone 1A4, 1:100
dilution, Dako, Glostrup, Denmark), h-Caldesmon (mouse, clone h-
CD, 1:100 dilution, Dako), ATPase Hþ/Kþ transporting beta subunit
(ATP4B, mouse, clone 2G11, 1:2000 dilution, Thermo Fisher Scien-
tific, Waltham, MA, USA), aquaporin 5 (rabbit, polyclonal, 1:500
dilution, abcam, Cambridge, UK), and carboxypeptidase A2 (rabbit,
clone CPA2, 1:500 dilution, Sino Biological, Beijing, China). Depar-
affinized and hydrated sections were treated with 0.3% hydrogen
peroxide in methanol for 15 min to block endogenous peroxidase
activity. Sections for immunostaining of PCNA were autoclaved in
1 mmol/L TriseEDTA buffer (pH 9.0), while those for h-Caldesmon,
carboxypeptidase A2, and ATP4B were autoclaved in 10 mmol/L
sodium citrate buffer (pH 6.0), at 121 �C for 10 min to expose an-
tigens, and then cooled for 30 min. After rinsing in 0.01 mol/L PBS,
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sections were incubated in blocking milk buffer (1% dry skimmed
milk in PBS) for 10 min and incubated with affinity-purified pri-
mary antibodies for 90 min at RT. Thereafter, they were incubated
with EnvisionTM þ Dual Link peroxidase (Dako) at RT for 30 min.
The peroxidase reaction was visualized using 0.02% 3,30-dia-
minobenzidine tetrahydrochloride and 0.01% hydrogen peroxide in
0.1 mol/L PBS. Finally, nuclear counterstaining was performed with
Mayer's hematoxylin.
2.9. Evaluation of immunostained sections and statistical analyses

All immunostained sections were evaluated in detail. In partic-
ular, the identities of immunopositive tissues after ATP4B, aqua-
porin 5, and carboxypeptidase A2 staining were confirmed by
screening serial HE stained sections. The presence or absence of h-
Caldesmonþmature smoothmuscle cells between cisplatin-treated
and non-treated groups was statistically compared by a Chi-square
test. After a-SMA and h-Caldesmon staining, blood vessels were
evaluated for indications of positive staining. After PCNA and ssDNA
staining, images of the sections were captured using a whole-slide
scanner (Nanozoomer, Hamamatsu Photonics, Hamamatsu City,
Japan), and examined using the associated proprietary viewing
software. Three 0.13 � 0.13 mm squares (total area 0.169 mm2)
were randomly chosen from immature neural components in the
same field for analysis of PCNA and ssDNA. The number of positive
nuclei per squarewas determined for each specimen. Inflammatory
cells infiltrating the tumor served as an internal positive control.
The mean proportions of PCNAþ to ssDNAþ nuclei in cisplatin-
treated and non-treated groups were statistically compared using
Student's t-test.
3. Results

3.1. In vitro cisplatin treatment of mouse ESCs/iPSCs and cell
proliferation assay

ESCs and iPSCs were seeded onto 12-well plates and treated
with 20 ml of a serially diluted cisplatin solution (cisplatin con-
centrations from 0.0244 to 25 mg/ml) for 3 days. Cell proliferation
assays performed after treatment revealed that the numbers of
ESCs and iPSCs decreased with increasing cisplatin concentrations
compared with PBS-treated controls (Fig. 1a and b, P < 0.01). The
decreased number of cells was paralleled by a decrease in colony-
forming ability verified by ALP activity; however, no morpholog-
ical changes were observed in the cells (Fig. 1ceh).
3.2. Comparison of teratomas after cisplatin treatment

It was evident that the cisplatin treatment for 4 weeks caused
lower growth rates of the ESC- and iPSC-derived tumors in a dose
dependent manner as shown by decrease in their volumes (Fig. 2a).
The mean necrosis score and maturation score of the tumors in
each group was compared. A TukeyeKramer test showed that a
significantly decreased necrosis score was found for the high dose
group compared with the control (Fig. 2b and c, P < 0.05).
Conversely, the cisplatin treatment caused a significant increase in
the maturation score in a dose dependent manner (Fig. 2d and e,
P < 0.01) as visualized in representative HE stained sections (Fig. 2f
and g). Spearman's rank correlation analysis also revealed that the
necrosis score was inversely correlated with the maturation score
(P < 0.05) in both ESC- and iPSC-derived tumors in total (n ¼ 18) in
mice treated for 4 weeks.
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Fig. 1. ESCs/iPSCs in vitro after treatment with cisplatin. Cell proliferation assays for ESCs (a) and iPSCs (b) (vertical axis: Luminescence (Relative Luciferase Unit: RLU)) show a dose-
related decrease (horizontal axis: cisplatin concentrations from 25 to 0.0244 mg/ml) compared with negative control treated with PBS, after treatment with 20 ml/day for 3 days.
Compared with the negative control (c, e, g), cells given a high-dose cisplatin treatment showed decreased colony-forming ability (d, f, h) verified by alkaline phosphatase (ALP)
activity (g, h); however, no changes to cell morphology were observed (c, d: ESCs; eeh: iPSCs; ceg: � 200; scale bar: 100 mm). *P < 0.05 and **P < 0.01 by TukeyeKramer test in
comparison with controls.
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3.3. Comparison of markers for proliferation and apoptosis along
with emergence of mature smooth muscle cells in teratomas

Immature neural components are commonly observed in tera-
tomas regardless of their state of maturation; a decrease in
immature neural components is a marker of maturity. Immuno-
staining for PCNA showed that immature neural components in
teratomas of the high dose cisplatin treated mice had a lower mean
PCNA labelling index compared with controls that received saline
(Fig. 3a and b); this reduction was statistically significant by Stu-
dent's t-test (Fig. 3c and d, P < 0.05). By contrast, the ssDNA
labelling index increased significantly in the high dose treatment
120
group compared with controls in both ESC- and iPSC-derived tu-
mors (Fig. 3eeh; P < 0.05). h-Caldesmonþ mature smooth muscle
cells were never observed in the controls but were found in the 4-
week high dose treatment groups: they were present in 4 of 6 ESC-
derived tumors and 5 of 6 iPSC-derived tumors (Fig. 3i); the dif-
ferences between the controls and treated groups were statistically
significant (Chi-square tests, P < 0.05) in both ESC- and iPSC-
derived tumors. Smooth muscle cells in the walls of vessels were
immunopositive for a-SMA regardless of cisplatin treatment.
Although vessels with h-Caldesmonþ smoothmuscle cells were not
observed after cisplatin treatment in the 4-week groups, they did
appear sporadically in all 4 specimens at 8 weeks after cisplatin



Fig. 2. Comparison of ESC/iPSC-derived teratomas with or without cisplatin treatment. (a) Representative tumors from control mice that received a saline injection (left) compared
to low (center) and high (right) dose cisplatin treatments for 4 weeks (scale bar: 1 cm). Mean necrosis score (b, c), and maturation score (d, e) in control mice (bar C in each group)
and mice that received low (bar L) or high (bar H) doses of cisplatin. Standard deviations are shown. (b, d) Tumors derived from ESCs. (c, e) Tumors derived from iPSCs. Cisplatin
treatment of ESC/iPSC-derived tumors decreased tumor volumes, and caused a significant reduction in the necrosis score and increase in the maturation score in a dose dependent
manner. *P < 0.05 and **P < 0.01 by TukeyeKramer test. (f) Representative non-treated tumor shows a predominance of immature neural elements (upper left) and necrosis (lower
right). (g) Representative tumor from the high dose treatment shows a predominance of mature neural elements (center) (f, g: HE staining, � 100; scale bar: 100 mm).
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treatment (Fig. 3j). No h-Caldesmonþ cells were present in tumors
from control mice at 4 or 8 weeks.
3.4. Detailed histological evaluation of teratomas after cisplatin
injection

Detailed histological evaluation by HE staining of tumors
derived from ESCs/iPSCs after 4- and 8-week treatment along
with controls demonstrated that columnar epithelium, squamous
epithelium, mature and immature neural elements, and fibrous
tissue were present in all specimens. In addition to these tissues,
immature cartilage appeared in most specimens of most groups.
Immature pancreas, bone, and lipoblasts were also identified,
albeit infrequently.

Only specimens from cisplatin treated mice contained mature
tissues such as mature adipose tissue, cartilage with lacunae, stri-
ated muscle, salivary glands accompanied by mucinous glands,
gastric mucosa with fundic glands, pancreas with the presence of
polarity and centroacinar cells, and hair follicles (Fig. 4). All of these
components were found relatively infrequently and were present
in small, scattered amounts. The various tissues identified in the
tumors from control and treated mice (with the exception of the
ubiquitous components listed above) are described in Table 1.
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3.5. Immunohistochemical evaluation of specific tissues in
teratomas

Various tissues were obtained from control and cisplatin treated
mice and analyzed immunohistochemically for the presence of
different proteins (Fig. 5). Fundic glands in the gastric mucosa,
mature salivary glands, and mature pancreas showed positive
staining for ATP4B, aquaporin 5, and carboxypeptidase A2,
respectively, in tissue sections from cisplatin-treated mice; these
three antibodies did not give positive staining in the control group,
with the exception of the immature pancreas that showed immu-
nostaining by carboxypeptidase A2.

4. Discussion

Here, we investigated the cause of CR by in vitro treatment of
ESCs/iPSCs with cisplatin and also by in vivo examination of the
effects of cisplatin on ESC/iPSC-derived teratomas; to the best of
our knowledge, this is the first such investigation on teratomas. The
addition of cisplatin to ESC/iPSC cultures decreased cell numbers in
a concentration dependent manner. The in vivo treatment of mice
with ESC/iPSC-derived teratomas resulted in lower growth rates
and an increase in the proportion of maturation components in the
tumors. Additionally, differentiated components appeared that



Fig. 3. Immunohistochemistry for PCNA, ssDNA, and h-Caldesmon. Photomicrographs of teratomas derived from ESCs/iPSCs after intraperitoneal treatment with high dose cisplatin
along with controls that received saline, and comparison of the positive signal ratio after 4-week high dose treatment (bar H) with controls (bar C). (a) In controls, 90% PCNAþ nuclei
were observed. (b) PCNAþ nuclei decreased to 70% in the high dose treatment group ( � 400, scale bar: 100 mm). (c, d) Decreased mean PCNA labelling index in the high dose
treatment group compared with controls. (e) 1% ssDNAþ nuclei were observed in the controls. (f) ssDNAþ nuclei increased to 20% in the high dose treatment group ( � 400, scale
bar: 100 mm). (g, h) Increased mean ssDNA labelling index in the high dose treatment group compared with controls. (i, j) Immunostaining of h-Caldesmon. Positively stained
mature smooth muscle cells (i) and vascular wall (j) (i, j: � 200, scale bar: 100 mm).
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were not found in the non-treated control group. Our findings
indicate that cisplatin has the ability not only to reduce the
immature components of ESC/iPSC-derived teratomas but also to
induce differentiation within the tumors. We propose that both of
these abilities underlie the phenomenon of CR.

Our finding that cisplatin treatment of mouse ESCs/iPSCs
in vitro resulted in dose-related cell death and decreased colony-
122
forming ability (paralleled by decreased ALP activity, which is a
marker for ESC/iPSC colonies [14]) is consistent with a previous
report on ESCs [15]. Similar results have also been reported for
human and mouse embryonal carcinoma cell lines [11], which
share many characteristics with ESCs [16]. These findings are
consistent with the ability of cisplatin to bind to DNA and selec-
tively kill rapidly dividing cells [17]. Further, we did not identify



Fig. 4. Photomicrographs (HE staining) of teratomas derived from ESCs/iPSCs with (b, def) or without (a, c) intraperitoneal injection of cisplatin. (a) Immature cartilage without
lacunae ( � 200). (b) Mature cartilage with lacunae ( � 200). (c) Lipoblasts with fine lipid droplets ( � 200). (d) Mature fat tissue with large lipid droplets ( � 200). (e) Muscles with
striation ( � 200). (f) Hair follicle ( � 400). (scale bar: 100 mm).

Table 1
Immature and mature tissues other than columnar and squamous epithelium, neural elements, and fibrous tissue in teratomas of different treatment groups.

Cisplatin treatment ESC-derived teratomas iPSC-derived teratomas

Immature tissue Mature tissue Immature tissue Mature tissue

4 w non-treated
(n ¼ 6)

Cartilage (n ¼ 5),
lipoblasts (n ¼ 1),
pancreas (n ¼ 1)

Cartilage (n ¼ 5), lipoblasts (n ¼ 3),
pancreas (n ¼ 2), bone (n ¼ 1)

4 w low dose
(n ¼ 6)

Cartilage (n ¼ 4),
lipoblasts (n ¼ 1),
pancreas (n ¼ 1),
bone (n ¼ 1)

Cartilage (n ¼ 2), fat (n ¼ 2),
striated muscle (n ¼ 1),
hair follicle (n ¼ 1)

Cartilage (n ¼ 3), lipoblasts (n ¼ 4),
pancreas (n ¼ 2), bone (n ¼ 3)

Cartilage (n ¼ 3), fat (n ¼ 2),
striated muscle (n ¼ 1), pancreas (n ¼ 1),
salivary gland (n ¼ 2), hair follicle (n ¼ 1)

4 w high dose
(n ¼ 6)

Cartilage (n ¼ 1),
lipoblasts (n ¼ 2),
pancreas (n ¼ 2),
bone (n ¼ 3)

Cartilage (n ¼ 3), fat (n ¼ 5),
striated muscle (n ¼ 3),
pancreas (n ¼ 2), salivary
gland (n ¼ 2), fundic gland
(n ¼ 3), hair follicle (n ¼ 1)

Cartilage (n ¼ 5), lipoblasts (n ¼ 3),
pancreas (n ¼ 3), bone (n ¼ 1)

Fat (n ¼ 4), striated muscle (n ¼ 2),
pancreas (n ¼ 2), salivary gland (n ¼ 2),
fundic gland (n ¼ 1), hair follicle (n ¼ 1)

8 w non-treated
(n ¼ 2)

Cartilage (n ¼ 1), pancreas (n ¼ 1)

8 w low dose
(n ¼ 2)

Cartilage (n ¼ 1),
pancreas (n ¼ 1)

Striated muscle (n ¼ 1) Cartilage (n ¼ 1), pancreas (n ¼ 1),
bone (n ¼ 1)

Fat (n ¼ 1), cartilage (n ¼ 2), salivary
gland (n ¼ 1)

8 w high dose
(n ¼ 2)

Cartilage (n ¼ 2),
pancreas (n ¼ 2)

Fat (n ¼ 2), pancreas (n ¼ 2),
salivary gland (n ¼ 1),
fundic gland (n ¼ 2)

Cartilage (n ¼ 1), lipoblasts (n ¼ 1),
bone (n ¼ 1)

Fat (n ¼ 2), cartilage (n ¼ 1), salivary gland
(n ¼ 2), fundic gland (n ¼ 2)
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Fig. 5. Photomicrographs of immunostained and HE stained serial sections. (a, b) Fundic glands and ATP4B immunostaining. (c, d) Mature salivary glands and aquaporin 5 im-
munostaining. (e, f) Mature pancreas and carboxypeptidase A2 immunostaining. (g, h) Immature pancreas and carboxypeptidase A2 immunostaining. ( � 200, scale bar: 100 mm).
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any morphological changes in cisplatin-treated ESCs/iPSCs; an
earlier study on embryonal carcinoma cell lines likewise found no
cisplatin-induced morphological changes [11].

Our analysis of immunodeficient mice bearing ESC/iPSC-
derived tumors showed that in vivo cisplatin treatment caused a
decrease in tumor volume compared with control mice that
received saline. The high dose cisplatin treatment also caused a
significant decrease in the tumor necrosis score, while the matu-
ration score showed a dose related increase compared with con-
trols. These results are consistent with those reported for cisplatin
treatment of tumors derived from an embryonal carcinoma cell
line that caused inhibition of tumor growth along with differen-
tiation of the tumor [18].

An important question is whether the increase in maturation
score of teratomas in mice treated with cisplatin was due to the
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elimination of immature elements or to induction of maturation by
cisplatin. Our correlation analyses indicated that the necrosis score
was inversely correlated with the maturation score. One possible
explanation for these results is that blood supply could not keep up
with the rapid increase in tumor volume, resulting in necrosis in
control group. Therefore, the higher proportion of mature tissues
with decreased volume after cisplatin treatment was associated
with the elimination of immature elements, but was unlikely to
have been due to necrosis of immature elements. Rather, we sug-
gest that apoptosis of the immature elements occurred in tera-
tomas of cisplatin-treated mice. The significant reduction in the
frequency of proliferating cells, as shown by the PCNA-labelling
index and the significantly higher ssDNA-labelling index (a
marker for apoptosis in tumors [19]) is in line with this interpre-
tation. Indeed, cisplatin has been reported to induce apoptosis in
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embryonal carcinoma cells [16,18,20]. Mouse ESCs have also been
reported to be hypersensitive to DNA damage and easily become
apoptotic after cisplatin addition [21].

With regard to the question of whether cisplatin induced
maturation, our immunohistochemical analysis demonstrated that
h-Caldesmonþ mature smooth muscle cells were present in most
specimens of mice in the 4-week high dose cisplatin group but not
in untreated controls. h-Caldesmon is a good marker for mature
smooth muscle cells that are often indistinguishable from fibrous
tissue [22]. We also found that h-Caldesmonþ vascular wall
emerged in specimens from all four mice in the 8-week high dose
cisplatin group but not in any of the untreated controls. These re-
sults imply that maturation of teratoma tissue only occurred after
cisplatin treatment. Our previous study on human immature tera-
tomas of the ovary showed that numbers of h-Caldesmonþ vascular
smooth muscle cells increase and Ki-67þ neural components
decrease as the teratomas mature and the severity grade is lowered
[23]. In the present study, PCNAwas used as a substitute for the Ki-
67 antibody that does not react with murine tissue.

It is noteworthy that mature tissues, such as mature adipose
tissue, cartilage with lacunae, mature salivary glands accompanied
by mucinous glands, gastric mucosa with fundic glands, mature
pancreas, and hair follicles, were found in mice that had received
cisplatin treatment; the absence of these mature tissues in controls
indicates that they were induced by the cisplatin treatment. These
mature tissues were not described in a previous histological study
of mouse ESC-derived teratomas [24]. The fundic glands, mature
salivary glands, and mature pancreas found here were immuno-
positive for ATP4B, aquaporin 5, and carboxypeptidase A2,
respectively; the reliability of these antibodies has been previously
demonstrated for the murine stomach [25], salivary glands [26],
and pancreas [27]. The positive immunostaining identified here
was not present in tissues from controls, except for immature
pancreas that was immunostained by carboxypeptidase A2.
Therefore, the three antibodies used here, as well as that for h-
Caldesmon, may serve as good markers of differentiation when
assessing murine teratomas.

In humans, CR (mature teratomatous metastasis) was first re-
ported in immature ovarian teratomas [8]; this phenomenon also
occurs in disseminated or metastatic foci of malignant mixed germ
cell tumors of the ovary and testis [28,29]. CR has also been termed
“transformation”, “evolution”, or “growing teratoma syndrome”
[28,30]. Three possible mechanisms have been proposed for CR:
first, chemotherapy induces evolution of malignant cells into
benign-appearing mature tissue; second, chemotherapy selectively
kills malignant cells and only benign cells remain; third, matura-
tion occurs spontaneously rather than as a result of chemotherapy
[28]. The results of the present study do not support the third
possibility as mature elements only emerged in tumors after
cisplatin treatment. The second suggested mechanism is consistent
with our observation of slow growth rates and increased matura-
tion score of tumors only after cisplatin treatment, presumably due
to apoptosis of immature elements. However, the first mechanism
may also be relevant as we found that differentiated tissues only
appeared after cisplatin treatment of the tumors.

Further work is needed to provide a clearer insight into the
mechanisms whereby immature teratomas are induced to differ-
entiate by cisplatin. Since cell proliferation and differentiation
show an inverse relationship [31], cell cycle withdrawal after
chemotherapy may be responsible for differentiation of immature
teratoma tissues. Indeed, it has been reported that cisplatin treat-
ment of a mouse embryonal carcinoma cell line resulted in reduced
expression of NANOG and POU5F1, markers of undifferentiated
tissues, and increased expression of differentiation markers, similar
to the effect of the differentiating agent retinoic acid [20]. In an
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in vivo murine embryonal carcinoma model, combination chemo-
therapy that included cisplatin selectively eliminated the pluripo-
tency factor OCT4-positive cancer stem cells [16].

This study has three main limitations: first, it is a descriptive
study and does not fully explore the molecular biological basis of
the phenomenon observed; second, the study was conducted using
only cisplatin, and the effects of other anticancer agents such as
alkaloids and topoisomerase inhibitors were not investigated;
third, it is unclear whether the phenomenon that occurred is
reversible as we did not investigate whether the tumors changed
after discontinuation of cisplatin.

The principal finding of this study was the first identification of
the generation of novel mature tissues in teratomas derived from
pluripotent stem cells. This finding opens the possibility of sepa-
rating these mature elements for use in transplantation. However,
there are several challenges: first, since these differentiated tissues
are randomly scattered through the teratoma, there is a need to
develop methods for generating sufficient target tissues for sepa-
ration. Longer-term dosing or a cocktail with other anticancer drugs
may solve this problem. Second, it will be necessary to involve
pathologists or to train researchers to confirm the histology of the
target tissues. Third, even if the desired resectable tissues are ob-
tained, it will be necessary to ensure that they can be appropriately
engrafted into recipients without secondary tumorigenesis.

5. Conclusion

We demonstrated a change in ESC/iPSC-derived teratomas after
treating tumor-bearing immunodeficient mice with intraperitoneal
injections of cisplatin for the first time. Cisplatin treatment not only
reduced the immature components of ESC/iPSC-derived teratomas
but also induced them to differentiate, which was verified by im-
munostaining for specific markers. This property of cisplatin ex-
plains why human immature teratomas often transform into fully
differentiated mature teratomas after administration of anticancer
agents. The use of anticancer agents may contribute to regenerative
medicine through their ability to induce differentiation of ESC/
iPSC-derived teratomas.
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